In this paper the model of a heat pump whose evaporator operates as a photovoltaic collector, is studied. The energy balance equations have been used for some heat pump components, and for each layer of the photovoltaic evaporator: covering glaze, photovoltaic modules, thermal absorber plate, refrigerant tube and insulator. The model has been solved by means of a program using proper simplifications. The system input is represented by the solar radiation intensity and the environment temperature, that influence the output electric power of the photovoltaic modules and the evaporation power. The model results have been obtained referring to the photovoltaic evaporator and the plant operating as heat pump, in terms of the photovoltaic evaporator layers temperatures, the refrigerant fluid properties values in the cycle fundamental points, the thermal and mechanical powers, the efficiencies that characterize the plant performances from the energy, exergy and economic point of view. This study allows to realize a thermoeconomic comparison between a photovoltaic heat pump and a traditional heat pump under the same working conditions.
Introduction
The direct use of solar energy as primary energy source is interesting because of its universal availability and low environmental impact. Solar heating applications are intuitive; on the contrary, the solar energy use to obtain refrigeration is less intuitive. Different technologies can be adopted to get refrigeration from solar energy: thermal and electric solar systems, and some new emerging technologies [1] . The solar thermal systems include absorption [2] , adsorption [3] , solar ejector [4] , thermo-mechanical and regenerative dessicant solutions [5] . As for the solar electric systems, the photovoltaic solar is the most popular technology. In fact referring to a traditional vapour plant, the compressor motor can be electrically supplied by photovoltaic modules that allow the direct conversion of solar radiation into direct current [6] . The PV system is most appropriate for small capacity refrigeration plants used for food or medical applications in areas far from conventional energy sources [7] , where a high level of solar radiation is present. Moreover, the solar assisted heat pump (SAHP), introduced by [8] , allows improvements in comparison with a traditional heat pump [9] ; in [10] [11] some experimental and theoretical studies of a SAHP are presented. Lately the solar energy conversion into electricity, by means of photovoltaic modules placed on the house roof, is widely used, but the PV module electric efficiency is about 15% and the greater part of solar radiation is converted into heat. Hence, the hybrid photovoltaic/thermal systems (PV/T) have been designed to recover contemporaneously electrical and thermal energy. [12] [13] . Moreover, the photovoltaic heat pump is also a promising technology, where the photovoltaic collector is used as evaporator [14] ; it is possible to use the evaporator refrigeration effect to cool the solar cells with a photovoltaic efficiency increase. The solar radiation is partially transformed into electric energy by photovoltaic modules, while most of it is absorbed from the refrigerant fluid whose values of pressure and temperature rise during the day with a heat pump performances improvement. In cold winter the PV collector protects the evaporator from frosting. This paper aims at studying the dynamic model of a heat pump whose evaporator works as a PV collector. 
Description of the photovoltaic heat pump
In the model analysed, the plant works as photovoltaic heat pump ( Figure 1 besides, it operates also as concentrating lens. An air gap allows a good thermal insulation and, instead of air, other insulators could be used. The photovoltaic modules are placed on the absorber plate superior surface, connected by means of gluing with high conductibility resins. The materials used for the photovoltaic cells are mainly the single-crystal silicon, the polycrystalline silicon or the amorphous silicon that differ both in terms of electric performances and manufacture costs. A limited energy conversion is possible, in fact only 5÷15% of the solar radiation incident on the collector is transformed into electric energy according to the material and temperature of the panels and the solar radiation incidence angle. To obtain a high thermal and electric insulation, the modules are laminated and subjected to pressure together with a double layer of TPT, that protects the cells from the weather, and EVA that acts as adhesive between TPT and cells. The thermal absorber plate consists of a thin layer that allows a high solar radiation absorption; the materials more used are aluminium, copper and steel. The refrigerant tubes are usually placed in the photovoltaic modules middle to optimize the thermal exchange. The insulator, placed on the collector inferior surface, aims at decreasing the outward thermal dispersions and avoiding the condensate formation; for this reason materials with a low thermal conductivity are used, as foam polyurethane and polystyrene. The whole collector is assembled in a light loom, generally realized in aluminium, and is placed on a steel frame to fix the position according to the chosen tilt angle to tap the higher sun energy. The dimension of each M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 module considered is 1.3 m 2 with a peak power of 0.18 kW p , and the photovoltaic cells total area is about 7.2 m 2 . Photovoltaic cells in single-crystal silicon have been considered with an electric efficiency of about 15%. Moreover, the following working conditions have been used in the model: a removable covering glaze with high transmittance, a thermal absorber plate in aluminium with high absorption coefficient, copper tubes with high conductibility, an insulating layer of foam polyurethane, the tubes pitch equal to 150 mm, tilt angle equal to 30°, south orientation of the panels and environment data related to Southern Italy. The panels electric terminals are linked to an inverter able to transform the direct current available into alternate current at 220 V, that can be either introduced into the grid, with an outlet electricity meter, or used to supply the compressor or stored in a battery where it could be taken overnight or during cloudy days. Generally, when the water cooled condenser operates, the circulating water might support space heating and domestic water heating through specific heat exchange devices that in the model have been simulated by a tank that feeds water to the condenser. The water mass flow rate is about 0.2 kg/s; the water temperature is variable in the range 30÷55°C. When the water temperature changes there is a control that fixes the set point required.
Model of the photovoltaic evaporator and heat pump

Evaporator
The PV evaporator has been considered as a system that consists of different layers that exchange thermal energy and are identified according to a nodal approach. The energy 
Covering glaze node
Thermal absorber plate node
Insulator node
Related to the model equations some terms have been determined:
is the glaze transmittance (Bouguer law) where the glaze extinction coefficient (Λ) is equal to 4, the glaze covering thickness (s g ) is equal to 4mm, θ 1 =45° and R g =1.5÷1.8.
is the actual absorption coefficient of the photovoltaic modules plate [15] , where r 1
is the EVA transmittance coefficient and
is the refractive index.
-A ag =A gp =A pb = A ai =A, and the areas A ti , A ib , A bt , A tr of the contact surfaces have been determined in terms of the tube outer diameter (D o ), the A value, the photovoltaic collector width, the tube length. D o =8 mm). As for the heat exchange between covering glaze and insulator with outdoor air, the unitary convective conductances have been determined in terms of air velocity [16] . The refrigerant fluid at the evaporator outlet, whose temperature depends on the I and T o values variable with the time, is generally considered in the model in superheated vapour conditions, as it absorbs solar energy and fully evaporates in the PV heat exchanger. The evaporation power depends on the daily variation of the solar radiation intensity, the PV evaporator area and the thermal efficiency [14] .
Condenser
Referring to the condenser, differential equations of the first order have been 
where co Q & is the condensation power, determined by means of the heat exchanger design equation [17] , m t,c =13.5 kg and c tc =0.39 kJ/kgK. The refrigerant fluid at the condenser outlet is generally in subcooled liquid conditions.
Compressor and expansion valve
The compressor suction and discharge temperatures are linked by the equation:
and the refrigerant mass flow rate is equal to:
. As for the expansion valve the equation considered is:
where the evaporation and condensation pressures are obtainable by means of the software Refprop [18] and H va is the valve characteristic constant.
Thermoeconomic analysis
As for the PV heat pump performances, the daily solar radiation allows an energy and costs saving in comparison with a traditional heat pump working under the same conditions. In particular, the compressor and the evaporator are the PV heat pump components principally influenced by the solar radiation. In order to compare the :
where C tot (€/year) is the total cost, x k is the optimization variable (solar radiation), F tot (kW) is the external resource, or fuel, consumed by the system (electric power required by the compressor, whose variation corresponds to the compressor destroyed exergy variation [19]), c F (€/kWh) is the fuel cost per unit exergy (unit cost of the compressor electric energy), t (h/year) is the working time, ν (1/year) is the amortization coefficient,
The Eq. 12 allows to compare from the thermoeconomic point of view the working of the photovoltaic and traditional heat pumps, and then to calculate the economic indexes 
where the electrical efficiency depends on the solar cells efficiency and covering factor values, and the PV plate absorption and transmittance coefficients; the photovoltaic power depends on electrical efficiency, solar radiation intensity and collector area [12] . Table 1 the daily variation of the absorber plate temperature according to the photovoltaic cells covering factor (β cf ) value, has been reported. A higher value of β cf results in more solar energy converted into electricity; hence, the mean absorber plate temperature decreases and the PV module electric efficiency increases because of the more favorable temperature conditions. As for the refrigerant fluid operating in the PV heat pump, the properties values are reported in Table 2 . It can be observed that the evaporation pressure varies during the day like the evaporation temperature and the solar radiation intensity, and reachs the maximum Figure 5 the values of the compressor input, evaporation and condensation powers and the COP are reported to represent the PV heat pump global performances. It has been useful to validate the system performance by means of experimental data available in literature in order to give greater credibility to the thermoeconomic model described in this paper. In [14] an experimental heat pump, whose evaporator works as PV collector, is presented. In particular, in addition to the operating conditions analyzed in this paper, the model has been also made to run under the same working conditions of the experimental tests realized in [14] in terms of solar radiation intensity, environment temperature, collector characteristics, water temperature and refrigerant fluid; in [14] the water temperature rises to 55°C. By running the model in the same range of water temperatures, average values of the condensation power and the COP have been obtained with a percentage deviation of about 6% from the experimental values [14] ; the precise comparison also for fixed hours of the day leads to similar percentage deviations.
The main aim is to compare the traditional and PV heat pumps by means of a thermoeconomic analysis; the principal difference between the two systems is represented by the PV evaporator. The PV system is more convenient than the traditional system from the energy point of view, because it can reduce or even . Referring to a sunny day, in Figure 6 it is shown that the highest exergy losses occur in the PV evaporator and the compressor, followed by the condenser and expansion valve respectively. The components efficiency defects decrease gradually from early in the morning to noon. In particular, the higher I and T o values and the lower set value of the T w are all advantageous for improving the compressor performance. The PV evaporator operating at lower temperatures results in more exergy loss; the higher evaporation temperature is preferable. Hence, the Equations 11 and 12 allow to compare from the thermoeconomic point of view and under the same working conditions, the traditional and photovoltaic heat pumps. The main photovoltaic heat pump components not included in a traditional heat pump are PV evaporator, inverter and accumulator that involve higher initial costs, but allow to use electricity throughout the year. The economic results obtained in this paper take into account the costs deduced by the literature because there is not a mass production of the described system yet. In particular, the overall PV system cost is about 400 €/m 2 [23] that takes into account installation and operating costs. In particular, the heat gain allows during a sunny day, but not at night or when it is cloudy, both an increase of the evaporation and condensation powers and a compressor electrical power decrease. This allows a higher COP and a compressor electric power consumption lower in comparison with a traditional heat pump. Hence, the electricity, that comes from the electric annual gain and the electric power saving obtained from the heat gain, allows both to heat domestic hot water all year and cool in summer without the need of the national grid. In particular, Figure 5 and Table 1 show respectively the values of the compressor power consumption and the photovoltaic power together with the PV evaporator electric and thermal efficiencies values. In particular, the compressor power varies in the range 0.41÷0.46 kW, and the compressor daily electricity consumption is 3.9 kWh el . The PV output power varies in the range 0.25÷0.87 kW and the total daily electricity is 5.3 kWh el,pv ; as every sunny day there is an electricity surplus of about 1.4 kWh el , the system is able to operate in a self-sufficient manner.
Hence, the PV evaporator of 1 kW p,el , considered in this paper, is capable of producing in Southern Italy about 1500 kWh el /year. This is, for example, the average electric energy demand of a traditional heat pump to heat the domestic water and to cool in (Figure 7 ). Under these conditions the cost surplus of the PV heat pump considered in this paper is equal to about 3200 € [23], but the PV modules costs are changing and therefore an economic sensitivity analysis has been realized varying the PV system cost between 2800 € and 3600 € (Figure 7) . In Figure 8 the NPV values related to a PV system cost of 3200 € are reported. In particular, the NPV is positive after about four years; generally, it depends on the plant location and efficiency. Table 1 Data related to the photovoltaic evaporator Table 2 Properties values of the refrigerant fluid in the main cycle points M A N U S C R I P T 
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